Abstract-A 5:1 frequency bandwidth aperture array antenna based on a new planar structure is reported. Dual polarization is implemented with high cross-polarization discrimination over ±45 • scan angle from zenith. It is a low-loss cost-effective approach using minimum dielectric materials. In the proposed planar antenna array design, a mutual coupled interconnected ring structure is used which extends the operational frequency band to the region where the element separation can be considerably greater than half a wavelength, unlike the previously reported interconnected array structures. Hence, the total number of elements can be reduced for a specified aperture size. The dual polarization has coincident phase centers and in the implementation reported here two low-noise amplifiers on the same board are integrated with a pair of dual-polarized elements to form an active array. A 10 by 10 element array prototype of the design has been manufactured and the measured results confirm it as a low cost, high-performance front-end solution.
I. INTRODUCTION

W
IDEBAND phased array antennas have been becoming increasingly important in a number of applications, often requiring good cross-polarization discrimination and radiation pattern characteristics over wide scan angles. These include radio astronomy [the Square Kilometer Array (SKA)] [1] - [4] , satellite-based sub-mm wave instruments, and radar in defense and security [5] . Most solutions reported to date require nonplanar structures such as Vivaldi-type elements with the integration of low-noise amplifiers (LNAs) or transmitter/receiver modules resulting in relatively complex structures. This complexity can be considerable, especially in applications when a large number of elements must be used, e.g., SKA.
Vivaldi arrays are widely reported among a number of wideband arrays, having the potential of 10:1 bandwidth or more but Vivaldi array elements are typically a few wavelengths long at the highest frequency to achieve this bandwidth [6] , [7] . Vivaldi-type designs also suffer from high cross-polarization coupling while scanning particularly in the ±45 • planes [8] . Manuscript To overcome size and complexity limitations planar structures are attractive. Planar array structures were studied as early as the 1960s. Wheeler [9] was one of the first to use analytical methods to study electronically scanned arrays and proposed the electric current sheet. It was noted by Wheeler [10] that "current sheet" or "continuous current array" demonstrates the real impedance in the absence of a ground plane. However, a ground plane below the current sheet is normally needed to limit the radiation to the upper hemisphere. This will degrade the input impedance over a wide frequency range due to image currents, particularly when scanning in the E-plane.
Munk [11] proposed one approach to realize such current sheet, which consists of closely spaced wires fed periodically. The current sheet array (CSA) developed by Munk et al. [12] is one of the first realizations of Wheeler's current sheet incorporating a ground plane. This is based on the principle that a metallic ground plane next to a CSA can be treated as a simple inductance (Z GP = j Z 0 tanβd, where d is the distance from the array to the ground plane), at the input terminals of the array [13] . By introducing end tip capacitors between the dipole elements, this dominating inductance is largely cancelled and an approximate sinusoidal current distribution is maintained over a wide bandwidth.
Bandwidth limits of such a planar aperture placed above a ground plane were investigated in [14] , which introduced the idea of additional multiple dielectric layers on the top of the array structure to provide further bandwidth extension, in addition to a dielectric substrate layer between the array sheet and the ground plane. Complex substrate/superstrate combinations and intensive numerical optimization are needed to achieve a wide bandwidth (the order of array needs to be a large number). Consequently, the substrate and the material loading (several layers of matching superstrates) will potentially reduce the efficiency of the array due to dielectric losses.
In this paper, we will discuss a 2-D antenna array structure which extends the basic concepts of an interconnected dipole array by using crossed octagonal ring elements each element being balanced fed and interconnected to its neighbors, the resulting crossed octagonal ring antenna (C-ORA) provides wideband, dual-polarized performance without requiring a substrate and layers of superstrate slabs [15] . Hence, it can be low-resistive loss and low profile.
Initially, the basic octagonal ring element was proposed using two pairs of mutually capacitive enhanced octagonal rings in an L configuration with one of the rings shared to provide dual polarization [15] , [16] . This can achieve a 5:1 bandwidth by including a single superstrate layer of 0018-926X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. meta-material above the active antenna array surface. The C-ORA reported here uses two pairs of mutually capacitive rings without sharing rings, therefore, coincident phase center feeding for both polarizations can be realized. This paper also reports the optimization of the basic octagonal ring element allowing further bandwidth extension. Both ORA and C-ORA can be scaled to different frequency bands using a few key parameters without requiring intensive numerical optimization. The design and measurements on C-ORA finitearray prototype are reported in this paper.
II. CROSSED OCTAGONAL RING ANTENNA
In phased arrays, the separation between elements is limited by grating lobe requirement, the array element separation is typically between λ/2 and 3/4λ at the highest frequency of operation depending on the maximum scan angle required.
For planar arrays, antenna radiators in most cases need to be above a metallic ground plane to limit radiation below the antenna. It is understood that when the distance between the array antennas and the ground plane is λ/4, the ground plane is seen as an open circuit and the input impedance of element is similar to that in free space; at higher frequencies where the distance is greater than λ/4, the effect from ground plane becomes capacitive. When the distance approaches λ/2, the array tends to be short circuited by the ground plane. The distance to the ground plane, therefore, needs to be less than λ/2 at high frequencies to avoid being short-circuited.
In wide bandwidth planar arrays, the main challenge is at low frequencies, where the distance from the array to the ground plane is much less than λ/4. At these frequencies, the ground plane leads to a significantly increased inductive reactance for the input impedance of the array antenna. Munk's [11] innovation uses capacitors between the elements to counteract the ground plane inductance at the low frequency. This has some shortcomings, although it shows better performance than a simply connected dipole array. The capacitance introduced between the elements shows frequency dependence and it cannot cancel ground plane inductance completely. At lower frequencies, the capacitance effect starts to dominate, 1/j ωC, i.e., at the extreme case of dc, it makes the array open circuited. However, a low radiation resistance at the low-frequency band still exists, as would be the case in a nonconnected close spaced dipole array.
In very wideband applications, the capacitive effect of ground plane at the high frequency is also of concern. To reduce the total number of elements in a specified aperture size or obtain enough space for proximate electronic integration, a large array element separation is needed, limited only by avoiding grating lobe production. Hence, the array is assumed to operate over a large fraction of the frequency band where the ground plane shows a capacitive effect. Intuitively, this effect appears beneficial in cancelling the inductance effect of the antenna shown at the high frequency. It is known that a dipole antenna tends to be inductive at high frequencies. However, the inductance dominates the total reactance (the capacitive reactance is a combination of the tip capacitance mentioned earlier and the capacitance from the ground plane). This is more problematic when the array is scanned, especially for high angle scans in the E-plane, where the array elements tend to be more inductive at high frequency and the input impedance shows a strong inductive reactance if still using the same capacitor.
In addition to the limiting effect of the grating lobes intersection, the dominating inductance at the high frequency is the obstacle to maximizing the element separation and the operation frequency bandwidth. To improve bandwidth/scan performance, a C-ORA is proposed by introducing rings in the radiating arms instead of the conventional dipole structure. This is based on an advancement of the ORA reported in [15] . The crossed ring antenna structure used in the C-ORA is shown in Fig. 1 . Both of these two antenna structures use rings as the radiators. The ring structure for C-ORA, however, has been optimized with respect to its self-generated capacitance. This is used to help combat the inductance at the high frequencies resulting in a broader operational bandwidth. Both ORA and C-ORA are formed by two layers: an active layer and a passive layer. The active layer is λ/4 above the ground plane at a frequency somewhat below the maximum operational frequency, and the passive layer is half of this distance above the active layer. In this implementation, the separation between the active layer and the ground plane is λ/4 at 1.2 GHz, where the highest operational frequency of the array is 1.45 GHz.
The ring effect can be observed in Fig. 2 . Compared with a 2 mm wide strip planar dipole with tip capacitor of 0.2 pF, the C-ORA rings, combined with the optimized capacitance between rings, leads to a low inductive terminal input impedance at the antenna elements even at the highest frequency of operation. This capacitive effect of the rings particularly at the high-frequency band becomes more significant for arrays with a greater element separation as bigger rings can be used. As shown in Fig. 3 , where the element separation is 125 mm with the diameter of for the ring, r 1 = 23 mm, r 2 = 13.8 mm, more capacitance is observed over the same frequency band than the array with element separation of 105 mm, where the diameter for the ring, r 1 = 20 mm, r 2 = 12 mm. The equivalent circuit model for the C-ORA is shown in Fig. 4 . A parallel capacitor is introduced along the inductive radiator arm to represent the capacitive effect of the rings.
The input impedance of the elements in the C-ORA is shown in Fig. 3 . An optimized model with the element separation of 125 mm is given in Table I .
III. FINITE ARRAY DESIGN STUDY
The C-ORA design model is optimized to cover the frequency range between 450 and 1450 MHz. The element separation of 125 mm is used, which is a half wavelength at 1200 MHz. A finite array of 10 × 10 elements was manufactured so that the physical aperture of the array is 1.25 m × 1.25 m. As a result, the aperture size is slightly less than 2λ at the lowest frequency and approximately 6λ at the highest frequency. The reflection coefficient of the center element of the finite array when all surrounding elements are terminated with a matched load is shown in Fig. 5(a) . The active reflection coefficient of the center element in the finite array is shown in Fig. 5(b) , for comparison, the elements in an infinite array with all elements active is also shown. Some minor edge effects from the finite array can be observed over the frequency band, however, the general agreement is good. The mutual coupling between the center element and the surrounding elements is shown in Fig. 6 . It indicated that the mutual coupling at the low frequency becomes less significant gradually as the distance increases from the excited element. This is as expected. The coupling at the high frequencies shows a more complex pattern but, in general, coupling between the adjacent elements is much stronger at the low frequency than at high frequency.
The mutual coupling is optimized by controlling the capacitor between the element rings and choosing the size of rings. The aim is to produce the CSA of wide bandwidth. The effectiveness of the C-ORA design to achieve this can be demonstrated by monitoring the surface current. When the center element in the finite array is excited, with all the other elements terminated with matched loads, the current flows from the active element to the neighboring elements along the array surface. The approximate sinusoidal current flow is maintained across the frequency band as shown in Fig. 7 . This distribution of the surface currents at different frequencies confirms the wideband continuous current sheet created by the C-ORA design.
IV. MEASUREMENTS AND RESULTS
The finite-array prototype has been measured in a compact range. The compact range limits the lowest measurable frequency. The physical aperture size of the finite C-ORA array is 1.25 m × 1.25 m. Directional EMC Test-Antenna HyperLOG 3080 from Aaronia AG is used as the transmit antenna for the C-ORA array radiation pattern measurements. This is shown in Fig. 8 . The active layer is made by chemical etching on N9000 PTFE (board thickness 0.127 mm, r = 2.2, tan d = 0.0009, and 17.5 μm copper). The passive layer is etched on the polyester sheet with the thickness of 50 μm. Expanded polystyrene foam slabs have been used to fill the space between the active layer and the ground plane, and the space between the active and the passive layers. The measured immersed element pattern of the center element in the finite array is compared with the simulated results in Fig. 9 . A good agreement is observed in both E-and H-planes at 900 MHz and 1.4 GHz. It confirms that the radiation pattern of a C-ORA element is wide, meeting the requirement of wide-angle scan from the C-ORA array.
An analog beamformer is used to measure the radiation patterns of the subarray with 4 × 4 elements at the center of the finite array manufactured. The radiation pattern of the 4×4 subarray is shown in Fig. 10 . Both the main lobe and side lobes from the measurements are in good alignment with the predictions. It is noted that during the pattern measurement, LNAs had been integrated in the subarray of 8 × 8. For the patterns from the simulations, no LNA is included. The cross-polarization performance of the original ORA and the C-ORA is compared, recalling the original ORA element is a L-shape structure and the C-ORA element is represented by an X-shape. The measured cross-polarization ratio for both designs is shown in Fig. 11 . The cross-polarization ratio in the D-plane is shown to represent the worst case. C-ORA demonstrates an overall better cross-polarization performance than the ORA within the ±45 • scan volume, however, the ORA array has a stable cross polarization variation with scan angle for specified frequencies. In both designs, the cross polarization ratio is less than −15 dB within the ±45 • scan range.
V. CONCLUSION
A planar array structure is proposed for wideband aperture array design. In this cross ring elements are interconnected by capacitors. The crossed nature of the rings is contrasted with the ORA structure reported earlier. In this paper, the optimization of the ring structure has provided an additional capacitance which combats the dominating inductance at the high-frequency band allowing increased bandwidth. This is especially true at high scan angles, where the necessary capacitance needed cannot be provided by the tip end capacitors alone. A finite array has been manufactured and measured. The results confirm that C-ORA is a good solution to produce wide bandwidth, dual polarizations, and high scan angles while maximizing the element spacing being used.
